
BNL-66691

By acceptance of this article, the publisher and/or recipient acknowledges the U.S.
Government's right to retain a nonexclusive, royalty-free license in and to any copyright
covering this paper.

Research by BNL authors was performed under the auspices of the U.S. Department
of Energy under Contract No. DE-AC02-98CH10886.

A DESCRIPTION OF THE GLOBAL SULFUR CYCLE AND ITS CONTROLLING
PROCESSES IN THE NCAR CCM3

P. J. Rasch, M. C. Barth, J. T. Kiehl, S. E. Schwartz, and C. M. Benkovitz

July 1999

Accepted for publication in
Journal of Geophysical Research



A Description of the global sulfur cycle and its controlling
processes in the NCAR CCM3

Philip J.Rasch,Mary C. Barth,Jeffrey T. Kiehl

NationalCenterfor AtmosphericResearch,Boulder, Colorado
�

StephenE. Schwartz,CarmenM. Benkovitz

BrookhavenNationalLaboratory, Upton,New York

AcceptedJuly 1999, J.Geophys.Res.

Abstract.
We examinethebalancebetweenprocessesthatcontributeto theglobalandregionaldistributions
of sulfateaerosolin theEarth’satmosphereusinga setof simulationsfrom theNCAR CCM3. The
analysissuggeststhat theseasonalcycle of SO� andSO

���� arecontrolledby a complex interplay
betweentransport,chemistryanddepositionprocesses.Theseasonalcycleof thesespeciesarenot
stronglycontrolledby temporalvariationsin emissions,but by seasonalvariationsin volumeof
air processedby clouds,massof liquid waterservingasa site for aqueouschemistry, amountof
oxidantavailablefor theconversionfrom SO� to SO

���� , verticaltransportprocesses,anddeposition.
A taggingof thesulfateby emissionregion (Europe,N. America,Asia,andrestof world [ROW]),
chemicalpathway (gaseousvs. in-cloud),andtype of emissions(anthropogenicvs. biogenic)
is usedto differentiatethebalanceof processescontrollingtheproductionandloadingfrom this
material. Significantdifferencesexist in thedestiny of SO� moleculesemittedfrom theseveral
regions. An SO� moleculeemittedfrom theROW sourceregion hasa muchgreaterpotentialto
form sulfatethanoneemittedfrom, for example,Europe.A greaterfractionof theSO� molecules
areoxidizedthatoriginatefrom ROW comparedwith otherareas,andonceformed,thesulfatehas
a longerresidencetime(thatis, it is not readilyscavenged).Theyield of sulfatefrom ROW sources
of SO� is a factorof four higherthanthatof Europe.A substantiallyhigherfractionof theSO�
emittedover Europeis oxidizedto sulfatethroughtheozonepathway comparedto otherregions.
Theanalysissuggeststhattherearesignificantdifferencesin theverticaldistribution,andhorizontal
extent,of thepropagationof sulfateemittedfrom theseveralsourceregions. Sulfatefrom Asian
sourceregionsreachesthefarthestfrom its point of origin, andmakesa significantcontribution to
burdensin bothhemispheres,primarily from plumesreachingout in theuppertroposphere.Sulfate
from othersourceregionstendto remaintrappedin theirhemisphereof origin.
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Introduction:

Sulfur emissionsfrom industry, and from
natural(biogenicandvolcanic)sourcesarebe-
lievedto influencetheearthsclimatein a num-
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berof ways. Emissionsof thesesulfur bearing
compoundscan rapidly form aerosolparticles
that act to directly modulatethe earth’s radia-
tion budgetby absorbingandscatteringradia-
tion (Charlsonet al. [1992]), andto indirectly
influencemany aspectsof climatethroughtheir
interactionwith clouds. By servingas cloud
condensationnuclei they influencethenumber
andsizeof cloud droplets,and this hasa role
in influencing the clouds radiative properties
(Twomey [1974]), andthe lifetime andprecip-
itation propertiesof clouds(Albrecht [1989]).
Concernaboutthe potentialclimatic effectsof
the anthropogenicemissionof sulfur species
into the atmospherehas motivated numerous
studiesover thelast10 years[e.g.Chin andJa-
cob,1996;Feichteret al., 1996,1997;Langner
and Rodhe,1991]. In spite of intensestudy
of the atmosphere’s sulfur cycle over the last
twenty yearstherearestill large gapsandun-
certaintiesin our knowledgeaboutthis impor-
tantcomponentof theearth’s climatesystem.

This paperis the secondin a sequenceof
three describing our efforts to improve our
knowledgeaboutthe sulfur cycle in the atmo-
sphere. In part I [Barth et al., 1998], we de-
scribed the basic model used in the studies,
comparedthemodelsimulationto recentobser-
vationsof sulfurspecies,anddiscussedwaysin
which the aqueousphotochemistryinfluenced
themodelsulfurcycle.

In this paper(part II) we adopt a broader
view, and describeour model’s picture of the
life cycle of sulfur in termsof all theprocesses
that control the dominantsulfur speciesof the
atmosphere.Our primaryfocusis to follow the
sulfur atomsas they areemitted(primarily as
biogenicDMS or anthropogenicSO� ) through
chemicaltransformation,transportanddeposi-
tion processes,with thegoalof identifying the
processesthatcontrolsulfateaerosolregionally
andseasonally. Thesecontrollingprocessesare
revealedby “tagging” of componentsof thesul-
fur cycle,in amannersimilarto Benkovitz etal.
[1994], althoughtheir focuswason the North

Atlantic regionover a two monthtimespan.

In part III, Kiehl et al. [1998] usethemodel
describedin the earlier papersto discussthe
predicteddirect and indirect radiative forcing
by aerosols,and the potential for the anthro-
pogeniccomponentto affectclimate.

Model description

Severalpreviousstudiesof theglobalsulfur
budgethave beenperformedin the context of
“offline transportmodels” [Chin et al., 1996;
Chuanget al., 1997; Kasibhatlaet al., 1997;
LangnerandRodhe,1991;Phamet al., 1995].
The sulfur cycle in the presentstudy evolves
within a generalcirculationmodelframework.
Thereis significantlymoretemporalandphysi-
cal detail availableaboutmany processesthat
influenceaerosolformation and their interac-
tion with clouds,climate, and chemistryin a
GCM, comparedto an offline model. In con-
strastto offline modelswherethemeteorology
is specifiedby interpolatingbetweensnapshots
spaced3 to 6 hours(or evenlonger)apartGCM
solutionsareadvancedwith meteorologicalin-
formationevolving overshort(order20minute)
timesteps.Completethreedimensionaldistri-
butionsof cloudvolumes,condensateamounts,
and rate of conversion to precipitation, etc.
are available in GCMs. Most offline models
must approximatelyreconstructthis informa-
tion from two dimensional(surface) distribu-
tions. The threedimensionalfields provide an
increasedlevel of consistency with othermeteo-
rologicalinformationthatis difficult to achieve
in the offline models. Our GCM configura-
tion is quitesimilar to thatdescribedin Feichter
et al. [1996,1997] or Graf et al. [1997] in the
ECHAM4 model. A GCM predictingsulfate
thatalsoincludesanelaboraterepresentationof
thephotochemistryof thetroposphericwasde-
scribedin Lelieveld et al. [1997] and Roelofs
etal. [1998].

Detailsof the modelareprovided in part I,
but herewe repeata few relevant points. This
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model is comprisedof the basicNCAR Com-
munity Climate Model (CCM3, [Kiehl et al.,
1996]),augmentedwith aprognosticcloudwa-
terscheme[RaschandKristjánsson,1998],and
thephotochemistry, scavenging,anddeposition
processesdescribedin partI.

The model is run at the nominal NCAR
CCM3horizontalresolutionof 2.8x2.8degrees,
andavariableverticalresolution,with 18mod-
els layersextendingfrom the surfaceto about
35km. A centeredtime stepof 20 minutesis
usedfor theCCM3modeldynamics,andacon-
sistentapproachfor cloud and chemistrycal-
culationsrequiresthat the transportand most
of the chemicalprocessingareadvancedfrom
time level �	� 


to ��� 

(e.g. a 40 minute

time step). This numericaltechniquecan re-
sult in a decouplingof solutionsat even and
odd time steps.Thereforea time filter Asselin
[1972] is employedto coupletheevenandodd
timestepsimulations.Theaqueouschemistryis
integratedindependentlyusinga 2 minutetime
stepto treatthestrongsensitivity of theS(IV) +
O reactionratesto thetimedependentpH evo-
lution. Oxidantdistributions,andtheH � O� pre-
cursorHO� in thepresentmodelareprescribed
from anindependentrunof theoffline transport
model IMAGES[Müller andBrasseur,1995].
Theevolution of four chemicalspeciesarecal-
culatedby the model, DMS, SO� , SO

���� , and
H � O� . Thetreatmentof H � O� is consideredim-
portantbecauseof thestronginteractionof SO�
andH2O2 in clouds. Most otherglobal mod-
els usea “recovery time’ (sometimesinstanta-
neous)of H � O� afteroxidationandscavenging
to a prescribeddistribution.

The model representsemissionsof DMS
and anthropogenicsulfur species(assumedto
be 98% SO� and 2% SO

���� ) accordingto the
GEIA 1B.1databasefollowing Benkovitz et al.
[1996]. Notablylackingarerepresentationsfor
volcanicemissions,andthephotochemistryas-
sociatedCS� andCOS.

The sulfate aerosolformed by the model
would strongly influencethe model climate if

it were allowed to interact with other physi-
cal processes,but in theserunswe have delib-
erately disconnectedthe mechanismsthrough
whichtheseclimatefeedbackscouldtakeplace.
Sulfate is treatedasa passive tracer. As men-
tioned in the introduction,a seriesof simula-
tions have beenmadein which the sulfur has
beentagged.The runsareof differing length,
but all have identicalmeteorologyfor a com-
montimeperiod.A sevenyearrunwasmadein
whichSO� andSO

���� weretaggedaccordingto
whetherthey wereof anthropogenicor biogenic
origin, andthechemicalpathway of formation
(i.e. whetherthesulfateoriginatedasaresultof
gasphaseor aqueousphaseoxidation).A three
yearrun wasalsomadewheretheconstituents
weretaggedby theregionof origin.

The meteorologicalprocessesof theCCM3
are thoroughlydescribedin a specialissueof
the Journal of Climate (Randall [1998] and
in Raschand Kristjánsson[1998],andBonan
[1996]). Thesecollection of paperscontain
comparisonsto clouds, precipitation, winds,
boundarylayer propertiesandmany otherme-
teorologicalfields to observational estimates.
The CCM is generallyquite realisticin its cli-
matesimulation,but therearebiasesthatcanef-
fect thesulfatesimulation. Summertimecloud
cover is low over continents(seepartIII, Kiehl
et al. [1998] for someindicationof this bias).
The amplitudeof theseasonalcycle of precip-
itation over the continentalUS is often higher
than seenin the observations, and precipitia-
tion over CentralEuropeshows a maximumin
springand a minimum in late fall not seenin
theobservationswhicharenearlyconstantover
the year. Generally, the modelsbiasesarenot
larger thanthosecharacteristicof otheroffline
CTMs or otherGCMs. Differenceslike these
with observationswill contribute to bias in all
globalsulfermodelsin usetoday.

Spatial distributions of column burdensof
species,and someof the characteristicparti-
tioning by (anthropogenicandbiogenic)origin
and chemicalpathway were shown in part I.
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In the following sectionswe usethesetagged
properties,alongwith theregion of origin tag-
gingto infer avarietyof propertiesof theatmo-
sphericsulfurcycleasrepresentedin themodel.

Global Properties

The distribution of anthropogenicand bio-
genicemissionsof sulfateprecursorsvary sig-
nificantly over the globe. Sulfateaerosolfrom
anthropogenicemissionsdominatesthe sulfate
columnburdenthroughoutthetroposphere.For
this study, we have partitionedthe emissions
into four regionsdefinedin table1. The spa-
tial distribution of anthropogenicemissionsis
shown in figure 1. Seasonalvariationsof an-
thropogenicand biogenicemissionsfor these
regions are displayedin figure 2. The Euro-
peanandAmericansourceregionsareassoci-
atedprimarily with industrial SO� production
through coal and petroleumuse. The Asian
source(whichalsoincludesmostof theeastern
partof Russia)is dueprimarily to coalburning.
The ROW sourceemissionsare often associ-
atedwith metalsmeltingoperationsin theSouth
AmericaandsouthernAfrica region, andwith
oil processingin middle easterncountriesand
industryin Australasia.Despiteits small geo-
graphicarea,Europeemits the mostSO� , and
hasthe largestseasonalvariation in emission.
Emissionsfrom Europearea factorof 3 higher
thanthosefrom theROW region,whichhasthe
lowestemissionratedespiteoccupying approx-
imately6 timesmoresurfaceareathanEurope.
Biogenic DMS emissionsare small in all re-
gionsexcepttheROW areawherethey consti-
tute approximatelyhalf the total emissionsin
thatregion. TheROW DMS emissionspeakin
southernhemispheresummer.

Figure3 shows a time seriesfor the 7 year
run for SO� and SO

���� . Initial concentrations
for thesespecieswereset to zero. The atmo-
spherehasbeendivided up into four layersof
approximatelyequaldry air mass(250hPa), to
show the seasonalcycle of theseconstituents
and their seculartrend. The very strongsea-

sonal cycle in SO� burdensin the lower tro-
posphere,with a maximum in the lower tro-
posphereduring winter is commonlyobserved
in nature,andothermodelsaswell. Thereare
regional differencesin phaseandamplitudeof
thisseasonalvariation(discussedin moredetail
later).Thepeakin SO

���� burdenis outof phase
with thatof SO� by abouthalf ayear.

After transientshave died out (ca. three
years)there are still interannualvariationsin
layer meanburdensof 20%. SO

���� shows a
maximumat all levels in late summer. At this
time the SO� and SO

���� are presentin sub-
stantial amountsat altitudes where scaveng-
ing of SO� is not effective (becausein the
presentmodel it is scavengedonly in the liq-
uid phase),and where scavenging of SO

����
actsonly throughbelow cloud collectionpro-
cesses. Although the initial transientsin the
global burdenof SO� have decayedafter the
first year, the massof SO

���� containedin the
uppertroposphereandstratospherecontinuesto
increasefor the first threeyears. In thesere-
gionstimescalesof production,mixing andre-
moval are much longer than in the lower tro-
posphere.This result is consistentwith other
modelingstudiesin which equilibrationin the
uppertroposphereandstratospherehasbeenex-
amined.For example,Hartley et al. [1994] re-
quiredan equilibrationtime of 1 year in a se-
ries of simulationsof CFCl to calculatethe
atmosphericlifetime of this constituent,which
is photolyzedin thestratosphere.Waughet al.
[1997] foundtransporttimesbothfrom model-
ing and observational dataof 0.8 yearsto the
tropicaltropopausefrom thesurface,and3 to 5
yearsfor the signal to reachmid- to high lati-
tudesin the lower troposphere.Our SO

���� bur-
den in the uppertroposphereand stratosphere
(order 0.15 Tg S in the uppermostlayer) is
quitehigh, significantlyhigherthanthatof the
comparablestudyof Graf et al. [1997], but (as
shown in Barthetal. [1998])consistentwith the
estimatedupper troposphereand stratosphere
backgroundvaluesof Kentet al. [1994],or the
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Figure 1. Thegeographicdistribution of annuallyaveragedanthropogenicSO� emissionsfor each
of thetaggedregions.
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Table 1. Definitionof regionsusedin thisstudy

Region Abbreviation latitude
range

longitude
range

% of earth’s
surface

NorthAmerica NA 15-90N 170E-45W 13
Europe Eu 21-90N 43W-64E 10
Asia As 0-90N 68-170E 17
Restof World ROW Everthing else 60
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Figure 2. Time seriesof the seasonalvariation in sulfur emissionsfor the four regionsutilized
in this study. The lines drawn betweenseasonalmeansindicatethe linear variationusedin the
interpolatedemissionswithin themodel.
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Figure 3. The evolution of the global burdenof Sulfur dioxide andSulfateover the seven year
simulationperiod. The solid line shows the burdenin the lowest250hPa of theatmosphere.The
dashed,dottedand dash/dottedlines show successively higher250hPa layersof the atmosphere
respectively. Month1 correspondsto thefirst januaryof themodelsimulation.
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0.12Tg S for thestratospherecitedin a review
paperof stratosphericaerosolsby Turco et al.
[1982]. The presentmodel is missing much
of therelevantphotochemistry, andaerosolmi-
crophysicsfor a goodrepresentationin this re-
gion of theatmosphere,andmoreprecisechar-
acterizationsof aerosolarerequiredbeforewe
can commentmore definitively on the upper
troposphericand stratosphericloading. The
long time for equilibrationin the uppertropo-
sphere/stratospheresuggestscautionin assess-
ing the uppertroposphereand/orstratospheric
loadingsin runsmadeoverarelatively shortpe-
riod of time [e.g. Benkovitz et al., 1994;Chin
et al., 1996;LangnerandRodhe,1991;Wojcik
and Chang,1997]. If our upper tropospheric
burdensof sulfatecalculatedin this modelare
indeedtoo high, other mechanismsfor its re-
moval mustbe investigated(e.g. throughscav-
engingof SO� on ice, or aerosolcoagulation
andsettling).

Thehorizontaldistributionsof columninte-
gratedsulfatefor year3 of our simulationsare
shown in figure4. Thereareverylargeseasonal
variationsin columnburdensover the primary
northernhemisphereemissionregions (north-
eastNorth America, and Europe)and smaller
variationsover the widely distributed regions
of thesouthernhemisphere.Theburdensfrom
Asianregionsareevidentyearround.Themax-
imaseenduringsummer/fall periodsareconsis-
tent with the time seriesof figure 3. We “tag”
the emissionsanddiscussthe controlling pro-
cessesandpropogationfrom eachregion later
in this study.

Explanationsfor the seasonalcycle of sul-
fur speciesconcentrationsarecomplex andvary
from modelto model.Differencesin SO� emis-
sions(cf. figure 2) are relatively small in the
GEIA inventory, except over Europe, where
they arehigherin winter andlower in summer
by about � 30%, in responseto variationsin
power andheatusage.(A similar seasonalcy-
cle wasprescribedin theemissionsusedin the
othermodelingstudiescitedhere.)Duringwin-

ter, in thepresenceof a relatively stablebound-
ary layer, concentrationsof SO� becomehigh,
andthetransformationof SO� to SO

���� maybe
locally oxidantlimited. In summeroxidantsare
moreplentiful, andthe ventingfor the bound-
ary layer can distribute the SO� over a larger
volumeof air, thusexposingit to moreoxidant.
However, Langneret al. [1992] have notedthat
observationalestimatesof cloud amountsused
in theirmodelaremoreabundantduringwinter
andspringin thelowerandmiddletroposphere.
Sincemostof the oxidationtakesplacewithin
clouds,thedecreasein cloudamountin summer
will actto opposetheincreasein theamountof
theaqueousoxidantsseenin summer.

Theanalysisof Feichteretal. [1996]showed
that during summerthe role of in-cloud and
gasphaseoxidationplayeda nearlyequalrole
in converting SO� to SO

���� , but their net ef-
fect wassignificantlysmallerthan the winter-
time oxidationmechanism,wherethe in-cloud
pathway dominated. In principle this would
suggesta minimum in SO� in the winter and
spring,exactly oppositeto that seenin obser-
vationsandmostmodelsimulations.Chin and
Jacob[1996] indicatedthatthesupplyof H � O�
was lowest in winter for their model, imply-
ing, in the absenceof other controlling pro-
cesses,aneffectoppositeto theECHAM simu-
lations.They showedthatabout80%of theloss
of SO� from anthropogenicallyinfluencedre-
gionsoccurredin theirmodelthroughoxidation
and depositionmechanismsand explain their
seasonalcycle of SO� throughseasonalvaria-
tionsin thedry depositionvelocity (over snow)
andthesummer/winterdifferencein oxidation.
Raschet al. [1998] showed a strongseasonal
cycle in SO� in two variantsof sulfurchemistry
in the CCM. One variant useda preliminary,
but identical photochemistryto that described
in this paper, andtheothersimply prescribeda
uniform oxidationrateof 1.2dayseverywhere.
Bothvariantsincludedaseasonallyvaryingde-
position velocity sensitive to snow cover, and
turbulent andconvective ventingof thebound-
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ary layer. Bothmodelsshowedsimilarseasonal
cycles in SO� and SO

���� burdens,suggesting
that thedominantcontrolof theseasonalcycle
is not photochemical,but dueto susceptibility
to scavenging. Kasibhatlaet al. [1997] exam-
ined the role of variationsin chemicalconver-
sionin controllingtheseasonalcycleof surface
SO� and SO

���� . They noteda seasonalcycle
of high sulfate in the summerand low sulfate
in winter in surfacemeasurementsover theUS.
Surface measurementsin Europedid not ex-
hibit this behavior. They suggestedthe possi-
bility of a (missing)heterogeneousmechanism
for the oxidationof SO� that takesplaceyear
roundasa possibleneededpathway to explain
thesedifferencesin the seasonalcycle of SO�
andSO

���� over EuropeandN. America. Thus,
seasonalvariationsin emissions,availableoxi-
dant,cloud volume,transportandmeteorolog-
ical processes,anddepositionvariationsall act
to modulatetheseasonalcycleof SO� .

In our model,thewinter maximain thesur-
facelayer in SO� in figure3 arealsoexhibited
in thelayerextendingfrom 500to 750hPa. At
altitudesabove 500 hPa the seasonalcycle in
SO� is reversedwith amaximaappearingin the
NH summerphase,when the SO� of surface
origin is moreeasily transportedto upperlev-
els. During thesummer, theSO� is distributed
over a largervolumeof air thatalsohashigher
oxidant availability making its transformation
morerapid.

Furtherindicationof thecontrollingmecha-
nismsfor the seasonalcycle in SO

���� may be
found in figure 5, which shows profiles of a
variety of quantitiesaveragedover all longi-
tudesbetween40N and90N,asa functionof �
(themodel’shybridverticalcoordinatethatcor-
respondsapproximatelyto pressure[in hPa]).
This domain was chosento be large enough
that lateral transportin andout of the domain
doesnot dominatethe signal,andincludesthe
northernhemispheresourceregionswherethe
seasonalvariationsin burdenare largest. The
top panelshows summerandwintertimevari-

ationsin SO� , SO
���� , and H � O� . SO� varies

by a factor of 3 betweensummerand winter
in the boundarylayer. Peakvaluesare found
at about950 hPa. Thereis a crossover point
at about400 hPa; above this altitude summer
SO� valuesexceedthosein the winter. Below
this altitude wintertime valuesalways exceed
summer. The seasonaldifferencesin SO

����
amountsdisappearby 100hPa. Above thatalti-
tudeseasonalvariationsarealsomodulatedby
transportinto thestratosphere,which is in turn
stronglycontrolledby stratosphericwave drag,
andis a maximumin theNH winter. Sincethis
modelhaslow vertical resolutionin thestrato-
sphere,andthis stronglyaffects the quality of
the simulation there, and becauserepresenta-
tionsof muchof therelevantaerosolprecursors,
andphysicsaremissing,we do not focusany
moreon that region. Below 100 hPa the sum-
mer:winterratio for SO

���� is about2:1. H � O�
exhibits a very strongseasonalcycle, varying
by a factor of 3 betweensummerand winter.
As previously mentioned,thestrongmaximum
in H � O� in summerenhancesthe aqueousox-
idationof SO� comparedto the winter season.
PeakH � O� concentrationsduring summeroc-
cur at about750 hPa. During winter, the peak
SO� concentrationsoccuraround400hPa.

Cloud fraction, total cloud condensate(liq-
uid + ice) and liquid water are shown in fig-
ure5b(thecondensatemixing ratiosarenot in-
cloudvalues,but representaveragesovertheto-
tal [clear plus cloudy fraction of the) grid vol-
ume.Therearesignificantlymorecloudsin the
modelbetween900and400hPa duringwinter
thansummer. Sincethecloudfractioncontrols
the volume whereaqueousoxidationcan take
place,thehighervolumesin wintercanenhance
oxidationduringthatseasoncomparedto sum-
mer. On the otherhand,thereis significantly
moreliquid watercontentin summer. Thusthe
volumeof air susceptibleto aqueousprocessing
and scavenging is higher in winter than sum-
mer, but the massof water that participatesin
thechemistryandscavengingis higherin sum-
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merthanwinter.

Figure 5c shows the ratesof many of the
termsinvolved in the productionand removal
of sulfate in our model above the surface.
Schematically, we representthe sulfate evolu-
tion equationas

������� ���������  !#"%$ �'&)(+*-,.�0/21)3 $
�)/-46527 ! �8/-46527:9
�<;)*�� " *-= " �'>?5-& "A@

The right handsideof the equationrepresents
thenet rate(or tendency) associatedwith indi-
vidual processes.ADV representsthe advec-
tive tendency, TURB representsthenet rateof
turbulent transport(occuring primarily in the
boundarylayer), CONV is the rateof convec-
tive transport,CHEMA therateof aqueousox-
idation of SO� to SO

���� by O and H � O� ,
CHEMG the gasphaseoxidationrate,PR the
rateof primary emissionof SO

���� , andDRYD
andWETD theratesof dry andwet deposition
processes.At steadystatethe left handsideof
the equationwould be identically zero. Note
that wehavechosenthesignof theWETD and
DRYD termsto appearas positivevalueson
figures5 and7. The positive signservesto il-
lustratethevery closebalancebetweenWETD
andother terms(particularlyCHEMA) on the
figure. Between950 hPa and 750 hPa there
is a nearbalancebetweenproductionfrom the
aqueouspathway and wet depositionduring
bothsummerandwinter. Thatis,
BDC+EGF6HJIJK�EMLON @QPSRUTVTVW�XZY\[8]^[`_aTVTVW�XZYcb
duringbothsummerandwinter. Bothprocesses
aremoreactive(by about20-30%)in ourmodel
during winter than during summerin this re-
gion,andtheaqueousproductiongenerallyex-
ceedsthewetdeposition.Thetwo processesare
of courseintimatelytiedto oneanotherasmuch
of thesulfatein formedwithin thecloudin the
sameevent in which it is removed. Theexcess
productionover wet depositionis significantly

larger in summerthan in winter, contributing
to the enhancedsulfateburdenin summer. Of
courseothertermsarealsoimportant.Thegas
phaseproduction(CHEMG) addssignificantly
to the productionexcessin summerin this re-
gion. At altitudesabove 700 hPa, and below
900 hPa someaspectsof thesetendenciesare
reversed;theaqueousproductionandwetdepo-
sitionprocessesaremoreactive in summerthan
in winter, andthewet depositiondominatesthe
aqueousproduction. It is alsoclear that other
processesenter into the total balancein both
regions. At altitudesabove 700 hPa in sum-
merproductionby thegasphasetermCHEMG,
andadvectionADV areboth important. There
is an approximatebalancebetweenCHEMA,
CHEMG,ADV, andWETD. Thatis

BDC#EMFAH � /-46527:98� !+"d$ I >?5)& "
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in NH summer. Gasphaseoxidationshows a
substantialseasonalvariationfrom the surface
600hPa. It is higherby 40-50%in summerthan
in winter. During winter the balancebetween
400hPa and700hPa is muchlike thelower al-
titude region, exceptthat the wet depositionis
thelargesttermandactsto balanceall others.

Thereareanumberof surprisingresultsper-
tinentto theboundarylayerregion at pressures
greaterthan900hPa. Wet (bothbelow- andin-
cloud)depositionin thelowest(100m)layerad-
jacentto the surfaceis larger by 30% in win-
ter, and 50% in summerthan the next higher
layer. The aqueoussourceterm (CHEMA) on
the other handhas its maximumin both sea-
sonsin thesecondmodellayerfrom thesurface
(100-300m).This is probablydueto the max-
ima in cloud waterandcloud fraction seenin
panel5b,andbecauseSO� emissionsareabove
100mareaslargeor larger thanasthoseat the
surface.Convective transport(CONV) andtur-
bulent transports(TURB) of aerosolare both
importantin theboundarylayerswith largepos-
itive amplitudein the nearsurface layer, and
negativevalueshigherup. Thus,thesetermsact
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to transportaerosolfrom higher levels down-
ward and into the surface layer where it is
susceptableto strong removal by dry deposi-
tion processes(not shown) and wet scaveng-
ing. Convective transportsareusuallythought
to act to move constituentsout of the bound-
ary layer. In the caseof solublespecieshow-
ever (at leastasrepresentedhere),the upward
transportinsidetheupdraftcoresof any aerosol
remainingafterscavenging,is overwhelmedby
the compensatingdownward transportsof un-
scavengedaerosolin the environment. Advec-
tion (ADV) by resolvedscaleprocesses(i.e. not
turbulence)generallyactsto move the sulfate
from the nearsurfacelayersboth upward, and
laterally (in this casesouthward). During the
summer, advectionactsasa significantsource
to theregion from 700hPa to 500hPa. During
winter it actsmostly to move SO

���� out of the
domain.Within cloudyvolumesnon-advective
processesdominatethe advection term, but in
cloud free regionsadvection is important,and
its enhancedrole in summertime mustbe due
to thelargervolumeof cloud-freeair duringthat
season.

The column integral of each term for the
samedomainareshown in figure6 on a month
by monthbasis.Theseasonalvariationof these
quantitiesshow interestingdifferenceswith the
correspondingquantitiesshown in figure 1 of
Feichteret al. [1996]. Their simulationsin-
dicateda maximumin oxidation via H � O� in
March and April, and a minimum (of 0.7 Tg
S/mo)in JuneandJuly. Thepresentmodelex-
hibits a similar maximum,but theminimumin
JJA is muchsmallerthanthesimulationof Fe-
ichter et. al. The shapeof the seasonalcycle
in the gasphaseproductionof Feichteret. al.
is quite similar to the presentmodel but their
maximumin summeris approximatelytwiceas
large as that found here. Feichteret al found
a maximumin surface depositionin the fall,
wherethemaximais in thespringin thepresent
model. Thedifferencesin the two modelspor-
trayalof seasonalvariationsin processesagain

highlightourcurrentuncertaintyin understand-
ingsof theatmosphericsulfurcycle.

Whenthe region of integration is restricted
to the region of strongestemissions,the bal-
anceschange,comparedto the larger northern
hemisphereregion. Figure7 shows the corre-
spondingprofilesover EasternNorth America.
As shouldbe anticipated,the vertical gradient
of SO� andSO

���� is larger over the sourcere-
gion,andnearsurfacevaluesareafactorof two
higher. Summertimevaluesof SO� arehigher
thanwintertimevaluesatall altitudesabove800
hPa. The massof liquid condensateis sub-
stantially lower over this areathan the north-
ern hemispherein general. Unlike the larger
region there is more total condensatein win-
ter than summer, althoughthere is still much
more liquid condensatein summerthan win-
ter. The differencebetweensummerandwin-
ter cloud fraction is alsomuchlarger. All ten-
denciestendto bea factorof two higherin the
smallersourceregion, than averagedover the
largerdomain.Lateraladvectionof sulfateout
of the domainis alsomoreapparent.Thereis
anetverticaltransportinto theregion from 500
to 700hPaby resolvedscaleadvectionfrom be-
low. As also seenover the larger region, the
gas phaseoxidation shows a substantialsea-
sonal variation from the surface 600 hPa. It
is higher by 40-50%in summerthan in win-
ter. This resultdiffers from a similar analysin
themodelstudyof Chin andJacob[1996] who
found no variation in the rate of summerand
winter productionof sulfateby gasphasepho-
tochemistryin the lower troposphere.Thedif-
ferencebetweensummerand wintertime pro-
duction by aqueousoxidation is also substan-
tially largerover this region thanthe largerdo-
maindiscussedabove. BothsulfateandSO� are
transportedto the mid- anduppertroposphere
by convection, despiteof their solubility, and
the convectionterm is significantlylarger over
this (primarly)continentalregion thanit is over
thelargerdomain.Convectionandoxidationof
SO� by OH aresourcesfor sulfatebetween200
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Figure 6. Time seriesof many of the termscontrolling the seasonalvariation of sulfate in the
atmosphere,averagedover all longitudesbetween40Nand90N.

and500hPain summer. Thesesourcetermsfor
sulfate at heightsabove 500 hPa arebalanced
by advectionwhich actsto transportthesulfate
elsewhere. Betweenthe surfaceand700 hPa,
sourcesof SO

���� by aqueousandgaseousoxi-
dationsubstantially(byabout100%)exceedthe
wetdepositionprocess,theremainingexcessof
productionis export from this region by advec-
tiveprocesses,particularlyduringsummer.

Global budgetsfor the presentmodel and
several other recentmodel studiesare shown
in tables2 through4. Thesestudiesare cer-
tainly notacomprehensive list, but they provide
a generalpictureof the currentrangeof varia-
tion in global modeling. Threeof the models
(LangnerandRodhe[1991],Phametal. [1995]
andChin et al. [1996]) areoffline modelschar-
acterizedby relatively simpleformulationsfor
transport,convectionandcloudprocessing,ne-
cessitatedby the lack of muchof the informa-
tion requiredfor a moreelaborateformulation
(noneof thesemodelshadaccessto 3 dimen-

sionaldistributionsof cloudvariablesfor exam-
ple). The studiesof Feichteret al. [1996] and
Roelofset al. [1998] arequite similar to ours.
They alsoutilizedageneralcirculationmodelin
which themodelhydrologicalcycle,cloudvol-
umesfor chemicalprocessing,etc. werehan-
dled on short time scalesin an internally con-
sistentway. Someof theprior studiesincluded
additionalsourceterms(volcanoesandbiomass
burning) neglectedin our study. On the other
hand,someof the cited studieshave treateda
smallernumberof oxidationpathways(for ex-
ampleby neglectingreactionswith 1# ). Only
the modeldescribedin Lelieveld et al. [1997];
Roelofset al. [1998] have aselaboratea treate-
mentof theproductionandlossof H � O� .

The lifetime of DMS (table 1) variescon-
siderablyamongthe several models. Langner
andRodhe[1991] did not includetheNO3 ox-
idation pathway, andassumedall DMS + OH
wentto SO� . Their lifetime is thelongestof the
citedmodels.Chinetal. [1996]postulated,and
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Table 2. Global annualaveragedDMS budgetsfor years3-6 comparedto othermodel studies.
Previousstudiesareabbreviatedasfollows: LR91 = LangnerandRodhe[1991],P95= Phamet al.
[1995],F96= Feichteretal. [1996],C96= Chinetal. [1996]L97 = Lelieveld etal. [1997].

Quantity(Units) LR91 P95 F96 C96 L97 This
work

Source(Tg S/yr) 16 20 17 22 16 16
Burden(Tg S) 0.13 0.05 0.10 0.06 0.02 0.06
Lifetime (Days) 3 0.9 2.2 1.0 0.5 1.42

used,a missingoxidationpathfor DMS in or-
derto achieve a reasonableagreementwith ob-
servations.Theadditionalpathway reducedthe
DMS lifetime substantially. It is interestingto
notethatthestudiesof Feichteretal. [1996]and
Lelieveldetal. [1997],whichusethesamefun-
damentalmeterologicaldescriptionandaerosol
chemistry, differ by a factorof four in theDMS
lifetime (2.2vs 0.5daysrespectively). Thedif-
ferenceis presumablydue to variation in OH
distributions. The presentmodel lies between
thosemodelresults.

With respectto SO� , the presentstudy,
which lacksvolcanicemissions,biomassburn-
ing, and CS� and COS sourceshas the low-
est sourcestrengthfor SO� , and thus anthro-
pogenicemissionsappearasa relatively higher
fraction of the sourcein table 3. The three
modelsusingaprognosticcloudwatervariable,
andinteractive cloudstendto losemoreSO� by
gas-phaseoxidationthanthemodelscontaining
simplerformulationsfor clouds.Thesestudies
also limited the SO� oxidizedby H2O2 more
strictly thanthestudiesof Chinetal. [1996]and
Phamet al. [1995]. Thereis an orderof mag-
nitudeof variationin wetdepositionof SO� be-
tweenmodels,rangingfrom the presentstudy
andLelieveldetal. [1997];Roelofsetal. [1998]
at thelow end(2%and0%respectively) to that
of Chin et al. [1996] at the high end (21%).
This is likely to be a explainedas a labelling
issue.Thepartitioningof theSO

���� thathasnot
yet existedasa aerosol[S(VI)] canbe distin-
guishedfrom that arising from ingestionof a

pre-existing solubleaerosolby a precipitating
cloud drop. Our wet depositionof SO� refers
only to the depositionof S(IV). The balance
is attributed to depositionassulfate. As such,
our numbersare quite consistentwith the nu-
merousobservationalestimatescitedin Wojcik
andChang[1997]. Part I [Barth et. al, this is-
sue] (figure 6) suggeststhat our modelagrees
quitewell with observationsof total wet depo-
sition (SO� + SO

���� ) andthusthe descrepancy
amongmodelsis likely just a labelling issue.
LangnerandRodhe[1991]alsoincludedtheen-
hanceduptake of SO� in solutiondueto com-
plexation with formaldehyde.The sumof the
wet depositionandaqueousoxidationprovides
an estimateof lossof SO� throughcloud pro-
cessing.Thereis still a largevariationbetween
thesefields amongmodels,and the two mod-
els with the most internalconsistency in treat-
mentof physicalprocessesarevery differentin
thissense(43%vs. 58%respectively). Thetwo
modelswith predictedH � O� distributionshave
the longestlifetime for SO� . The depletionof
H � O� in near-sourceregionscanresultin a de-
creasein the rateof productionof SO

���� . Part
I showed that therewas often an appreciable
lengthof time for replenishmentof the H � O�
afterit wasdepletedthroughoxidationandpre-
cipitationscavenging. This would increasethe
frequency of situationswhereSO� is limited to
the slower O reactionfor its oxidation path-
way. (Not allowing theH � O� depletionresults
in anincreaseof order7% in theproductionof
SO
���� .)
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Table 3. Global annualaveragedSO� budgetsfor years3-6 comparedto other model studies.
Previousstudiesareabbreviatedasfollows: LR91 = LangnerandRodhe[1991],P95= Phamet al.
[1995],F96= Feichteretal. [1996],C96= Chinetal. [1996]L97 = Lelieveld etal. [1997].

Quantity(Units) LR91 P95 F96 C96 L97 This
work

Source(Tg S/yr) 95 123 101 96 90 79
Anthro. emissions(%) 71 75 78 68 74 82
Photochemicalprod.(%) 18 15 17 23 18 18
Other(%) 11 10 6 9 8 0
Gasphaseoxidation(%) 8 5 17 8 15 12
In-cloudoxidation(%) 44 45 34 44 59 56
Wetdeposition(%) 15 4 9 21 0 2
Dry deposition(%) 32 45 40 28 24 31
Burden(Tg S) 0.3 0.2 0.4 0.3 0.6 0.4
Lifetime (Days) 1.2 0.6 1.5 1.3 2.3 1.9

Table 4. Global annualaveragedSO
���� budgetsfor years3-6 comparedto othermodelstudies.

Previousstudiesareabbreviatedasfollows: LR91 = LangnerandRodhe[1991],P95= Phamet al.
[1995],F96= Feichteretal. [1996],C96= Chinetal. [1996]L97 = Lelieveld etal. [1997].

Quantity(Units) LR91 P95 F96 C96 L97 This
work

Source(Tg S/yr) 53 62 51 49 72 55
Anthro. emissions(%) 6 0 0 0 5 2
Gasphaseproduction(%) 15 10 33 15 21 17
In-cloudproduction(%) 79 90 67 85 74 81
Dry deposition(%) 16 27 13 11 25 7
Wetdeposition(%) 84 73 87 89 75 93
Burden(Tg S) 0.8 0.8 0.6 0.53 1.1 0.60
Lifetime (Days) 5.3 4.7 4.3 3.9 5.3 4.0
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Despite the large differencesin emission
inventories,photochemistry, cloud properties,
and depositionparameterizationsfor SO� , the
netsourcefor SO

���� from all themodelsvaries
by only 20% (table 4), with the exceptionof
the modeldescribedin Lelieveld et al. [1997];
Roelofset al. [1998], which hasa signifiantly
highersourcevalue. The partitioningbetween
aqueousand gasphaseproductionvariessub-
stantiallybetweenmodels.All modelsshow the
aqueouspathway to dominate,but thereis no
consistentsignaturebetweenmodelswith the
more elaboratetreatmentsfor cloudsand oxi-
dation,andthesimplerformulations.Thissug-
gestsagain that there are still very large un-
certaintiesin the characterizationof the atmo-
sphericsulfurcycle.

Regional Analysis

It is now generallyacceptedthat emissions
fromtheindustrialnationsof thenorthernhemi-
spherearethedominantsourceof tropospheric
sulfatein theworld today. Yet therelative con-
tribution of the several sourceregions to the
globalsulfurbudget,andpossibledifferencesin
theprocessesthatcontrolthesulfurdistribution
from theseregions remainpoorly understood.
In this sectionwe make useof taggedaerosol
typesto make infererencesaboutthe effect of
emissionsfrom thedifferentregions.

The partitioning of the annually averaged
regional emissionsand burdensinto their an-
thropogenicand biogeniccomponentscan be
assessedfrom the bar charts of figure (8)
and (9). Anthropogenicemissionsdominate
over biogenicemissionsin all regions except
ROW, wherethey areof similar magnitude.In
the northern hemisphere,more than 80% of
the total burden is due to anthropogenicsul-
fate. However, even in the southernhemi-
sphere,the anthropogenicsulfate is generally
more than 50% of the total burden. In the
tropical region of the Pacific Ocean, sulfate
aerosolsderived from DMS emissionsandan-
thropogenicsulfatecontributeequallyto theto-

tal burden. Theseresultscontrastwith Chin
and Jacob[1996], who found a larger contri-
bution from non-anthropogenicsources,partic-
ularly in the southernhemisphereandoceanic
regions. Thesedifferencescouldarisebecause
in ourmodelDMS emissionsarelessthanthose
usedby ChinandJacob[1996]andbecauseour
modeldoesnot include volcanic emissionsof
SO� , or becauseChin andJacob[1996] deter-
minedthe anthropogeniccontribution by com-
paringsimulationsusingonly naturalemissions
to asimulationwith presentdaynaturalandan-
thropogenicemissions.Wehavealsomadesim-
ilar pre-industrialandpresentdayruns,andwe
believe that most the differencesbetweenour
simulationsandthoseof ChinandJacob[1996]
cannotbe explainedby the non-linearreponse
of the chemistryandscavengingto the chang-
ing emissions.

Although the ratio of anthropogenicto bio-
genicemissionsin thenorthernhemispherere-
gionsof Eu,NA, andAsareapproximately10:1
or greater, the burdensof resultingsulfate are
order5:1 for the correspondingregions. That
is, the yield of sulfate is higherfrom biogenic
precursonemissionsthan from anthropogenic
precursors. Hence, sulfur emittedfrom bio-
genicsourcesis convertedto sulfate(relatively)
moreefficiently thanthatemittedfrom anthro-
pogenicsources.This is easilyexplained(Chin
andJacob[1996] andFeichteret al. [1997]) by
therapidtransportfrom thesurfaceto theupper
troposphereof thequiteinsolubleDMS, where
it is subsequentlyoxidized to SO� and SO

���� .
Sulfateproducedin theuppertroposphereis not
easilysusceptableto scavenging,andmustfirst
betransporteddownwardto altitudeswherere-
moval processesare more efficient. It is also
evident from figure 9 that therearesignificant
differencesbetweentherelativepartitioningbe-
tweenSO� andSO

���� amongtheregions.While
thereis moresulfur storedasSO

���� in theNA,
Asian, and ROW regions, the situation is re-
versedin Europe. Thesefeaturessuggestsig-
nificantdifferencesin transport,transformation,
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Figure 8. Annual emissionof sulfur speciecs
by region, partitioned by anthropogenicand
biogenicemissions.
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Figure 9. Annually averagedburden of sul-
fur speciesby region, partitionedinto anthro-
pogenicandtotalcontributions.

and depositionmechanismsover the four re-
gions(discussedbelow).

Thepointcanbemademorestronglybycon-
sideringwhatwe termthePotentialor Suscept-
ability of a region to emissions.This is defined
to be

X�l �nmpoc�rq YVst 
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Thus, the sulfatepotentialdefinesthe yield of
aerosolper unit emisssionof sulfur asSO� or
DMS.

Figure 10 shows that anthropogenicemis-
sions from the ROW have more potential for
aerosolformation thanother regions. A kilo-
gram of sulfur emitted as SO� from a ROW
sourcewill produceapproximatelyfour times
more aerosolthan the samekilogram of SO�
emittedover Europe,which hasthe lowestpo-
tential for sulfate formation accordingto our
model. The Asian region is intermediateto
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Figure 10. Sulfatepotential,definedastheSul-
fateburden(Kg S) resultingfrom a unit emis-
sionof sulfur (Kg S/day)at thesurface.

the othersin this susceptibilityto aerosolfor-
mation. Thesulfatepotentialdoesnot identify
what processor processescontrol the distribu-
tion andamplitudeof the aerosolmass,it just
definesthe potentialfor a given emissionof a
sulfur atomfrom a region to endup assulfate
mass.

The controlling processescan be identified
by a considerationof ratiosof otherquantities
availablefrom themodel. Figure11 shows the
sulfatelifetime (definedasthe ratio of thesul-
fateburdento the total depositionflux). This
quanitityis theinverseof therateat which sul-
fate (arising from emissionsfrom a given re-
gion) is removed from the atmosphere. The
diagnosticsuggeststhat part of the explana-
tion for the potential is associatedwith depo-
sition processes.Sulfate arising from anthro-
pogenicROW sourceshasalifetime againstde-
positionof about6 days,and is not deposited
as readily assulfate from other regions at the
surface. Also, unlike the other regions, the
lifetime of biogenicsulfate from that region is
actuallyshorterthanthat of the anthropogenic
component. The vertical distribution of the
anthropogenicROW sulfate is nearlyuniform,
somewhat like DMS and thus ROW aerosols
are not so susceptibleto scavenging. We be-
lieve that this is becausethe ROW sourcesare
in closeproximity to regionsof vigorouscon-
tinental year round convection (e.g. Amazo-
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Figure 12. The fraction of SO� emittedfrom
eachregion thatis convertedto SO

���� .

nia and SouthAfrica) that transportsthe SO�
rapidly to theuppertroposphere.

Figure12 shows the sulfateyield asa frac-
tion of emittedSO� thatproducessulfate. The
balanceof theSO� undergoeswet or dry depo-
sition. The ROW SO� emissionsresult in 15-
20%greateryield thandoemissionsfrom other
regions. This total yield can in turn be par-
titioned into aqueousand gasphaseoxidation
components.ThusROW sourcesareconverted
more efficiently to sulfate, and are subjectto
lessefficient surfacedepositionthan other re-
gions. Also, the ratio of aqueousto gaseous
oxidation is alsoslightly higher in ROW than
otherregions.

Figure 13 partitions the aqueousoxidation
pathwaysaccordingto thefractionoxidizedby
H � O� or O� . Europestandsout from theother
regionsby having a muchhigher(factorof 2)
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Figure 13. The fraction of oxidation taking
placeby the two primary aqueousphasepath-
ways.

fractionof thesulfateproducedby theO� path-
way. ThissuggeststhattheEuropeanregionex-
ists in a peroxidelimited situationmuchmore
frequentlythanany of theothermodelregions.
This canbeattibutedto themuchhigheremis-
sionsdensitiesover Europecomparedto any of
the otherdefinedareas.Also, becauseEurope
is locatedat higherlatitudesthanthe otherre-
gions, there is lessoxididant availability, and
reactionratesare slower. This effect is most
pronouncedin winterwhentheEuropeanemis-
sionspeak.

Spatial and seasonal distributions from
regional emission

Thehorizontalspatialdistribution of eachof
theannuallyaveragedregionally taggedsulfate
typesare shown in figure (14). The left col-
umnshows thecolumnburdenfrom eachemis-
sion region, and right the percentof the total
column burdencontributed from eachregion.
In the interestof brevity we do not show, but
will discuss,the seasonalvariation of the re-
gionally taggedsulfate. Thereis a strongsea-
sonalvariationfor EuropeandNorth America,
with summerto winter ratiosfor peakvaluesof
about4:1overbothregions.Theplumeemitted
from North Americaextendseastward follow-
ing thestormtrack,andcarriesapproximatlya
factorof two moresulfateover the Atlantic in
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summerthan in winter. The peakamplitudes
over the North AmericanandEuropeanemis-
sionregionsarequitesimilar to thosedescribed
by Feichteret al. [1996] and Kasibhatlaet al.
[1997]. Anotherplumefrom thesouthwestUS
and Mexico areasis alsoevident during sum-
mer. The plume(alsoseenin Benkovitz et al.
[1994])extendswestwardin thesubtropicsand
carriessignificantamountsof sulfateacrossthe
pacificasfar asHawaii. This plumeis signifi-
cantlystrongerthanthatseenin Feichteret al.
[1996]. Themodelevaluationof partI suggests
it is probablytoo strong. TheAsianemissions
generateburdensthat are quite similar to Fe-
ichteretal. [1996]but significantlygreaterthan
thoseseenin Kasibhatlaet al. [1997]. Thereis
little seasonalcycle in maximumamplitudebut
theextentof theareaoccupiedby ahighsulfate
burden is significantly larger in NH summer
than in winter. Therearemuchsmallervaria-
tionsbetweensummerandwinterburdensfrom
theROW emissions.Burdensof 60 ���^�a�������^�
during summerarea factorof two larger than
duringwinter.

Thepicturechangessomewhatwhenviewed
as a percentage. Asian emissions(including
thosefrom Siberia)contributemoststronglyto
burdensin theNH polarregionsduringwinter;
during summer Europeansourcescontribute
most strongly. North America appearsas a
distant third place contributor in all seasons.
Very little ( � 10%)of thesulfatederived from
emissionsfrom North Americaor Europepen-
etrateinto thesouthernhemisphere.Similarly,
very little of the sulfate from ROW emissions
contribute the northernhemisphere.Asia, on
theotherhandcontributesin an importantway
to the burdenin both the northernand south-
ernhemispheres.It reachesthesouthernhemi-
spheremostefficiently in theJJA seasonwhere
it comprises20-40%of the burdenin the sub-
tropics.Althoughthiscontribution to thesouth-
ern hemisphereis quite small in magnitude,it
indicatesa pathway for transportfrom anthro-
pogenicsourcesof potentialimportancein the

future. The ROW sourcesreachto about30N
duringNH winterwherethey compriseapprox-
imately30%of thecolumnburdenthere.

Seasonalcyclesof theSO���� burdensin each
vertical quartile (250 hPa layer) are shown in
figure15 for eachemissionregion. Thelargest
burdensresult from Europeanemissionswith
summerto winter ratiosof about2:1. Burdens
from Europeanemissionsfall off with increas-
ing altitudemorestronglythanany of theother
regions.AsianandROW burdenshave theleast
seasonalityandstratification.

Latitude-heightcross-sectionsof zonallyav-
eragedsulfate from eachregion are shown in
Figure16. The largestlower troposphericval-
ues are associatedwith the Europeanemis-
sion region during NH summer. The sulfate
aerosolremainsat low altitudesfor the Euro-
peansourceregion, in contrastto a penetration
of relatively largesulfateloadingsto higheralti-
tudesfrom North AmericanandAsiansources.
TheAsiansourceemissioncontribute themost
to thenorthpolar region duringNorthernsum-
mer. The ROW sourceis much more uni-
formly distributedin thevertical,andshows lit-
tle seasonalvariation.Theemissionregionsas-
sociatedwith areasof vigorousdeepconvec-
tion tend to have significantly higher burdens
aloft. Thesulfatefrom all sourceregionsshow
aspreadingof contourswith altitude,indicating
that oncealoft, the aerosolis lesssusceptable
to removal processesand so can travel great
distancesunimpeded.This tendency is evident
for eachpanelin the figure. Asian emissions
aremost importantto the supplyof uppertro-
posphericsulfate in the northernhemisphere,
and the only important northern hemisphere
sourceregion reachingto the southernhemi-
sphere.TheAsiansourceregion is responsible
for morethan40%of thesulfateabove400hPa
in the northernhemisphere.North American
andEuropeansourcesaretrappedin thenorth-
ernhemisphereandcontribute lessthan10%to
theaerosolamountat any altitudein theoppo-
sitehemisphere.
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Figure 14. Annuallyaveragedcolumnburdenof sulfatefor thefour regionalemissions(indicated
in thelower left cornerof eachpanel),expressedin � mol/m� in theleft column,andasapercentof

thetotal burdenin theright column.
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Figure 15. Timeseriesfor year3 of thesulfateburdenstratifiedby layerfor eachregion.
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Summary and Conclusions

Wehaveexaminedthebalancebetweenpro-
cessesthatcontributeto theglobalandregional
distributionsof sulfateaerosolin theEarth’sat-
mosphere,usinga setof simulationsfrom the
NCAR CCM3. Themodel,thesensitivity to its
chemicalformulation,andcomparisonsto ob-
servationsaredescribedin detailin partI (Barth
et al. [1998]). Theradiative forcingsthatarise
from thesesimulationsareanalyzedin Part III
(Kiehl etal. [1998]).

The analysissuggeststhat the seasonalcy-
cle of SO� andSO���� arecontrolledby a com-
plex interplaybetweentransport,chemistryand
depositionprocesses. The seasonalcycle of
thesespeciesare only weakly influencedby
seasonalvariationsin emissions.Rather, they
arecontrolledby seasonalvariationsin volume
of air processedby clouds,by massof liquid
waterservingasa site for aqueouschemistry,
by amountof oxidantavailablefor theconver-
sion from SO� to SO���� , and by variationsin
vertical precipitationand transportprocesses.
Three separateprocessescontribute to verti-
cal transport: 1) advective processesresolved
by the presentmodel,2) transportby subgrid-
scaleconvection, and3) transportby subgrid-
scaleturbulentprocessesin theboundarylayer.
The primary removal mechanismfor sulfateis
wetdeposition.Bothgaseousandaqueouspro-
ductionof aerosolis substantiallyhigherin the
summerin the lower troposphere(surfaceto 3
km) thanin winter. Theenhancementis proba-
bly dueto morecloudsin the liquid phaseand
higheroxidantconcentrations.Wet deposition
hasa strongseasonalvariationin the nearsur-
facelayer (surfaceto about1km), but very lit-
tle variationbetween1 and3 km. The excess
productionbetween1 and3km leadsto anen-
hancedburdenat thesealtitudes.At higheral-
titudes,thebalanceof processesbecomesmore
complex, with vertical transportprocessesalso
playing a role. There is significant convec-
tive transportof SO� and SO���� during sum-
mer. Resolved-scaleadvectionin cloud-freear-

easalso plays a role during summer, but not
winter. This suggeststhat the resolved verti-
cal advectionduringsummeris takingplacein
thecloud-freeregions(whicharelargerin sum-
mer);in cloudyregionsthewetdepositiontends
to reducetheimportanceof theresolvedvertical
transport. The seasonalbehavior and balance
of processesin our modeldiffer in many ways
from thosefound in modelstudiesby Feichter
et al. [1996]andChinandJacob[1996]; we do
notbelieve therearesufficientmeasurementsto
identify which of thesestudiesis most realis-
tic. Thedifferenceshighlight theuncertaintyin
theprocessesresponsiblefor sulfate’s seasonal
behavior. More work is needto resolve these
discrepancies.

A taggingof theaerosolby emissionregion
(Europe, N. America, Asia, and the Rest of
World), chemicalpathway (gaseousvs. aque-
ous),andtypeof emissions(anthropogenicvs.
biogenic)wasusedto differentiatethebalance
of processescontrolling the aerosolresulting
from theemissions.Theanalysissuggeststhat
significant differencesexist in the destiny of
SO� emitted from thesevarious regions. An
SO� moleculeemittedfrom the rest of world
sourceregion hasa much greaterpotentialto
contribute to theburdenof atmosphericsulfate
than one emitted from, for example, Europe.
This is due to a numberof factors. A greater
fractionof theSO� moleculesoriginatingfrom
ROW is oxidized comparedwith other areas,
andonceformed,theaerosolhasa longerresi-
dencetime (thatis, it is lessreadilyscavenged,
becauseit hasbeentransportedto regionswhere
scavengingis lessimportant). This statement
can be quantifiedin terms of the sulfate po-
tential. The ROW potential(or susceptibility)
is a factor of four greaterthan that of Europe
(which is theregion with thelowestsulfatepo-
tential). The ROW region emissionsare low
comparedto theotherthreesourceregions,but
it generatesburdensof comparablemagnitude
to that from the other sourceregions having
muchgreatersulfuremissions.
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Other differencesbetweenregions are also
evident from the analysis. A substantially
greaterfraction of the sulfur dioxide emitted
over Europeis oxidizedto sulfate throughthe
ozonepathway, thanfrom any of the otherre-
gions.Thelargeemissionsin alimitedarealead
to larger concentrationsof SO� thanany other
region. In thissituation,thereis notenoughhy-
drogenperoxideto oxidizeall theSO� , andthe
importanceof theO� reactionincreases.These
situationsareencounteredmuchlessfrequently
in otherareasof theworld, whereSO� concen-
trationsare lower, and oxidant concentrations
arehigher.

Theanalysissuggeststhattherearealsodif-
ferencesamongthe several sourceregions in
theverticaldistribution andhorizontalextentof
thepropagationof theemissions.Nearsurface
sulfateamountsgenerallyoriginatefrom local
sourceregions,but at higheraltitudesthe sul-
fate may originate from very distant sources.
Sulfatefrom theAsianemissionsreachthefar-
thestfrom their point of origin. They make a
noticablecontribution to burdensin bothhemi-
spheres,primarily from plumesreachingout in
themiddleanduppertroposphere.Forexample,
perhaps50%of thesulfateoccuringonthewest
coastof theUnitedStatesin summeroriginates
from Asian emissions.Sulfate from the ROW
sourcesremainstrapped,primarily in thesouth-
ern hemisphere.Similarly sulfate from North
AmericanandEuropeanemissionsremainspri-
marily in thenorthernhemisphere.

If theseconclusionsarerobust,they suggests
somecaution be used in planning for future
emissionsin regions with a high aerosolpo-
tential. To zerothorder the burdensgenerated
from theseemissionwill have a corresponding
effect on otherclimate factors(e.g. direct ra-
diative forcing), althoughthestrongsensitivity
in aerosolopticalpropertiesto relative humid-
ity meansthat aerosolsnear the surface may
have a larger direct radiative effect than those
locatedat higheraltitudes.Thesituationis not
sostraightforwardwhenoneconsidersthepos-

sibility of the aerosolsinfluencingthe climate
indirectly (eitherthroughchangesto theclouds
albedos,or to their microphysicalproperties).
The indirect effects occur primarily in liquid
phaseclouds. If changesin the emissionsre-
sult in changesto upper troposphericaerosol
amount,then this will have little influenceon
thedropsizeof liquid clouds,andthuslittle in-
fluenceoncloudalbedoor lifetime.

Acknowledgments.
Wewouldliketo thankSusanSolomonandHen-

ning Rodhefor numerousdiscussionsthat helped
clarify ideasdiscussedin thismanuscript.We thank
Brian Eaton for programmingassistance. Work
at BNL was supportedby the EnvironmentalSci-
encesDivision of the U.S. Departmentof Energy
andwasperformedunderContractNo. DE-AC02-
98CH10886.

References

Albrecht, B., 1989: Aerosols,cloud microphysics
and fractionalcloudiness. Science, 245, 1227–
1230.

Asselin,R., 1972:Frequency filter for time integra-
tions. Mon.WeatherRev., 100, 487–490.

Barth,M., P. J.Rasch,J.T. Kiehl, C. M. Benkovitz
and S. E. Schwartz, 1998: Sulfur chemistryin
theNCAR CCM: Part I; Description,evaluation,
featuresandinfluenceof aqueouschemistry. J.
Geophys.Res., submitted.

Benkovitz, C., C. M. Berkowitz, R. C. Easter,
S. Nemesure,R. Wagenerand S. E. Schwartz,
1994: Sulfateover the North Atlantic andadja-
centcontinentalregions: Evaluationfor October
and November1986 using a three-dimensional
model driven by observation-derived meteorol-
ogy. J. Geophys.Res., 99, 20725—20756.

Benkovitz, C., M. Scholtz,J. Pacyna, L. Tarrason,
J. Dignon, E. Voldner, P. Spiro, J. Logan and
T. Graedel,1996: 1995global griddedinvento-
riesof anthropogenicemissionsof sulfur andni-
trogen. J. Geophys.Res., 101, 29239—29254.

Bonan,G.B., 1996:TheNCARLandSurfaceModel
LSM version 1.0 coupledto the NCARCommu-
nity ClimateModel. NCAR Tech.Note,NCAR/
TN–429+STR.Nat.Cent.for Atmos.Res.,Boul-
der, Colo.



27

Charlson,R. J., S. E. Schwartz, J. M. Hales,R. D.
Cess,J. A. C. Jr., J. E. Hansenand D. J. Hof-
mann,1992: Climate forcing by anthropogenic
aerosols.Science, 255, 423—430.

Chin, M. andD. Jacob,1996: Anthropogenicand
naturalcontributionsto troposphericsulfate: A
globalmodelanalysis.J. Geophys.Res., in press.

Chin,M., D. J.Jacob,G. M. Gardner, M. Foreman-
Fowler, P. A. Spiro andD. L. Savoie, 1996: A
global threedimensionalmodelof tropospheric
sulfate. J. Geophys.Res., pp.18667—18690.

Chuang,C. C., J. E. Penner, K. E. Taylor, A. S.
GrossmanandJ.J.Walton,1997:An assessment
of the radiative effectsof anthropogenicsulfate.
J. Geophys.Res., 102, 3761–3778.

Feichter, J., E. Kjellström, H. Rodhe,F. Dentener,
J. Lelieveld and G.-J. Roelofs, 1996: Simula-
tion of the troposphericsulfur cycle in a global
climatemodel. Atmos.Environ., 30(10), 1693–
1707.

Feichter, J., U. LohmannandI. Schult,1997: The
atmosphericsulfur cycle and its impact on the
shortwaveradiation. Clim. Dyn., 13, 235—256.

Graf, H.-F., J. Feichterand B. Langmann,1997:
Volcanic sulfur emissions:Estimatesof source
strengthand its contribution to the global sul-
fatedistribution. J. Geophys.Res., 102, 10727—
10738.

Hartley, D., D. Williamson,P. RaschandR. Prinn,
1994: Examinationof tracer transport in the
NCAR CCM2 by comparisonof CFCl� simula-
tionswith ALE/GAGEobservations.J. Geophys.
Res., 99, 12,855–12,896.

Kasibhatla,P., W. L. Chameidesand J. St. John,
1997: A three-dimensionalglobal model inves-
tigationof seasonalvariationsin theatmospheric
burdenof anthropogenicsulfateaerosols.J. Geo-
phys.Res., 102, 3737–3760.

Kent, G. S., M. P. McCormick and P.-H. Wang,
1994: Validation of stratosphericaerosoland
gasexperiments.J. Geophys.Res., 99, 10333—
10339.

Kiehl, J. T., J. Hack, G. B. Bonan,B. A. Boville,
B. P. Briegleb,D. L. WilliamsonandP. J.Rasch,
1996: Descriptionof theNCARCommunityCli-
mateModel(CCM3). NCAR Tech.Note,NCAR/
TN–420+STR.Nat.Cent.for Atmos.Res.,Boul-
der, Colo.

Kiehl, J. T., T. L. Schneider, P. J. Rasch,M. Barth
andJ.Wong,1998:Radiative forcing dueto sul-
fate aerosolsfrom simulationswith the NCAR

Community Climate Model (CCM3). J. Geo-
phys.Res., submitted.

Langner, J. and H. Rodhe,1991: A global three-
dimensionalmodelof thetroposphericsulfurcy-
cle. J. Atmos.Chem., 13, 225—263.

Langner, J.,H. Rodhe,P. J.CrutzenandP. Zimmer-
mann,1992:Anthropegenicinfluenceonthedis-
tribution of troposphericsulphateaerosol. Na-
ture, 359, 712—715.

Lelieveld, J., G.-J. Roelofs, L. Ganzeveld, J. Fe-
ichter and H. Rodhe,1997: Terrestrialsources
and distribution of atmosphericsulphur. Phil.
Trans.R.Soc.Lond., 352, 149–158.

Müller, J.-F. and G. P. Brasseur, 1995: IMAGES:
A three-dimensionalchemicaltransportmodelof
the global troposphere.J. Geophys.Res., 100,
16445—16490.

Pham,M., J.-F. Müller, G. Brasseur, C. Granierand
G. Megie, 1995: A three-dimensionalstudy of
the troposphericsulfur cycle. J. Geophys.Res.,
100, 26061—26092.

Randall, D. A., Ed., 1998: Special issue of J.
Clim.devoted to the Climate SystemsModel.
Vol. 11.AmericamMeteorologicalSociety.

Rasch,P. J., J. Feichter, K. Law, N. Mahowald,
J. Penner, C. Benkovitz, C. Genthon,C. Gian-
nakopoulos,P. Kasibhatla,D. Koch, H. Levy,
T. Maki, M. Prather, D. L. Roberts,G.-J.Roelofs,
D. Stevenson,Z. Stockwell,S.Taguchi,M. Kritz,
M. Chipperfield, D. Baldocchi, P. McMurry,
L. Barrie, T. Balkanski,R. Chatfield,E. Kjell-
strom,M. Lawrence,H. N. Lee,J.Lelieveld,K. J.
Noone,J. Seinfeld,G. Stenchikov, S. Schwarz,
C. Walcek and D. Williamson, 1998: An as-
sessmentof scavenginganddepositionprocesses
in global models;resultsfrom the WCRPCam-
bridgeworkshopof 1995. Tellus, submitted.

Rasch,P. J.andJ.E.Kristjánsson,1998:A compari-
sonof theCCM3modelclimateusingdiagnosed
and predictedcondensateparameterizations.J.
Clim., 11, 1587—1614.

Roelofs,G.-J.,J.LelieveldandL. Ganzeveld,1998:
Simulationof global sulfatedistribution andthe
influenceoneffectiveclouddropradiiwith acou-
pledphotochemistry-sulfurcycle model. Tellus,
50B, 224–242.

Turco, R. P., R. C. WhittenandO. B. Toon, 1982:
Stratosphericaerosols:obvservationsandtheory.
Revs.Geophys.SpacePhys., 20, 233—279.

Twomey, S. A., 1974: Pollution and the planetary
albedo.Atmos.Environ., 8, 1251–1256.



28

Waugh,D. W., T. M. Hall, W. J.Randel,P. J.Rasch,
B. A. Boville, K. A. Boering,S.C. Wofsy, D. C.
Daube,J. W. Elkins, D. W. Fahey, G. S. Dut-
ton,C. M. Volk andP. F. Vohralik, 1997:Three-
dimensionalsimulationsof long-livedtracersus-
ing winds from MACCM2. J. Geophys.Res.,
102, 21493–21513.

Wojcik, G.S.andJ.S.Chang,1997:A re-evaluation
of sulfurbudgets,lifetimesandscavengingratios
for easternnorth america. J. Atmos.Chem., 26,
109—145.

This preprintwaspreparedwith AGU’s LATEX macros
v4, with theextensionpackage‘AGU��� ’ by P. W. Daly,
version1.5efrom 1997/11/18.


